Abstract. The hippocampus, amygdala complex, and entorhinal region represent anatomically linked limbic structures of the mesiotemporal lobe. Chronic seizures and mnestic deficits in patients with pharmacoresistant mesial temporal lobe epilepsy (TLE) appear to correlate with distinct patterns of histopathological alterations in these areas. The complex anatomical organization of the amygdala and entorhinal region, however, render a detailed neuropathological evaluation of surgical specimens difficult. In this study, we present a combined cytoarchitectonical, pigmentarchitectonical, myelinarchitectonical, and immunohistochemical reconstruction of the amygdala, entorhinal region, and hippocampus from surgical TLE specimens (n ϭ 20) in order to analyze their regional and cellular patterns of pathology. Anterior mesiotemporal lobes dissected in different spatial planes were obtained from 4 autopsy control patients and used for the characterization of neuroanatomical landmarks. Lateral, basal, and granular subnuclei of the amygdala were consistently identified in the surgical specimens. Major histopathological alterations included neuronal cell loss as revealed by extracellular lipofuscin accumulation, glial satellitosis, as well as cellular and fibrillary gliosis. The regional distribution of neuropathological changes varied considerably between different subnuclei but the lateral nucleus was more often involved than basal and granular nuclei. These amygdala nuclei appeared to be more severely affected compared to the adjacent entorhinal region. In addition, patients presenting with secondary generalized tonic-clonic seizures showed significantly more damage in mesiotemporal structures. Pathological alterations in the amygdala and entorhinal region were found to be associated with Ammon's horn sclerosis in most but not all cases. Our findings reveal the amygdala as a major target for epilepsy-associated neuronal cell damage. Significant variations in the lesional pattern among patients with chronic TLE would also be compatible with different spreading pathways of epileptogenic activity within the mesial temporal lobe.
INTRODUCTION
Ammon's horn sclerosis (AHS) represents a frequent pathological finding in pharmacoresistant TLE. It can be histologically confirmed in almost two thirds of patients enrolled in major epilepsy surgery programs (1) . Classical neuropathological features of AHS include segmental neuronal cell loss and reactive astrogliosis in the hippocampal formation. Some studies also report neuronal cell loss and sclerosis in the adjacent amygdala and entorhinal region (2, 3) . However, the anatomical organization of these regions is difficult to assess in surgical specimens due to tissue fragmentation and ill-defined anatomical reconstruction. Histopathological studies of the amygdala obtained from TLE patients have, therefore, concentrated on the lateral amygdala nucleus, a structure characterized by its distinct distribution of myelinated fiber bundles (4) (5) (6) . Other reports have not distinguished individual subregions of the amygdala complex (7) (8) (9) (10) (11) (12) (13) (14) . Similarly, there are little data concerning histopathological alterations of the entorhinal region in temporal lobe epilepsy. Earlier studies point to atrophy, neuronal cell loss, gliosis, or focal cortical dysplasia in the parahippocampal gyrus (3, 8, (15) (16) (17) , whereas layer specific cell loss has been only reported in the anterior portion of the medial entorhinal region (18) . A pathophysiological contribution of these anatomical structures of the mesial temporal lobe is reflected by seizure relief following surgical removal of the hippocampus, amygdala complex, as well as entorhinal region in the great majority of TLE patients (19) (20) (21) (22) .
The amygdala complex is composed of 3 major subregions separated by intercalated cell groups. These include the basolateral complex at the inferior horn of the lateral ventricle, the cortical region, and the centromedial area adjacent to the basal forebrain and anterior commissure. The nuclei of the basolateral complex include the lateral nucleus, basal nucleus, and accessory basal nucleus (23) (24) (25) (26) (27) . Because most neurons of this complex represent spiny, modified pyramidal cells with characteristic differences in cell size and lipofuscin pigment accumulation ( Fig. 1) , the neuronal pigment pattern facilitates the identification of the amygdala subnuclei (28, 29) .
The entorhinal region is part of the allocortex. It covers the anterior parahippocampal gyrus separated from the Anatomical reconstruction of the human mesial temporal lobe. A: Graphical reconstruction of the human amygdala (frontal section, autopsy specimen). B: Nissl-pigment staining of the normal human amygdala. This method allows a precise anatomical delineation of distinct amygdala nuclei. 100-m section. C: Higher magnification of a surgical specimen obtained from a TLE patient. The section is cut in an almost horizontal plane and displays the basolateral complex admixed with myelinated fiber bundles (hematoxylin-Luxol-fast blue staining). Abbreviations: acb, accessory basal nucleus; aco, accessory cortical nucleus; ant, anterior; ba, basal nucleus; ca, anterior commissure; ce, central nucleus; dors, dorsal; gr, granular nuclei; ic, intercalated nuclei; la, lateral nucleus; lat, lateral; m, medial nucleus; med, medial; mfb, myelinated fiber bundles; nbm, nucleus basalis of Meynert; ot, optic tract; pac, periamygdala cortex; post, posterior; so, supraoptic nucleus of the hypothalamus; str, striatum; tr, transitory zone between granular and basal nuclei; vent, ventral; ventr, ventricle. Magnification: A and B, ϫ5; C, ϫ20. adjacent cortex by the rhinal and collateral sulci and their branches (30) . Both in the rostro-caudal and medio-lateral axis, considerable differences may occur in the extension of entorhinal layers, and there is little agreement on the delineation of subfields (31) (32) (33) (34) (35) (36) (37) (38) (39) . Nevertheless, an entorhinal region proper composed of 8 layers can be distinguished from a transentorhinal region based on its pigment architecture. Apart from the most superficial molecular layer, 3 superficial cellular (pre-alpha, pre-beta, and pre-gamma) and 3 deep cellular layers (pri-alpha, pribeta, and pri-gamma), separated by a more or less distinct lamina dissecans can be identified (33) . In the Nissl stain, the pre-alpha layer corresponds to layer II, the pre-beta and gamma layers to superficial and deep layer III, the lamina dissecans to layer IV, the pri-alpha layer to layer V, and the pri-beta and gamma layers to layer VI of the entorhinal region (34, 35, 39) .
The amygdala complex and entorhinal region are anatomically and functionally interconnected with the hippocampal formation. In general, intralimbic pathways are established between specialized areas of the amygdala complex, entorhinal region and hippocampal formation (25, 40, 41) . Thus, the anatomical identification of compromised subregions may be of major importance for the characterization of the epileptogenic focus, spreading pathways of epileptic activity within the temporal lobe and impairment of behavioral and/or memory performance of the patients. An important goal of the present study was, therefore, to specifically delineate amygdala nuclei and entorhinal layers in surgical specimens obtained from pharmacoresistant temporal lobe epilepsy patients in order to reconstruct some of these pathways (Fig.  2) . The subregional pathology within the amygdala complex, entorhinal region, and hippocampus was examined and correlations between changes in these anatomical structures were analyzed.
MATERIALS AND METHODS

Clinical Data
Hippocampal specimens from 20 patients (age 30 Ϯ 10.5 years) with chronic temporal lobe epilepsy (mean duration: 20.1 Ϯ 10.1 years; mean age at the onset of seizures 9.9 Ϯ 6.2 years) were included in this study (Table 1 ). All patients had complex partial seizures (CPS) with a frequency between 1 and 150 events per month. Nine patients showed secondary generalized tonic clonic seizures (sGTCS) and 3 patients experienced also simple partial seizures. The epileptogenic focus was localized to the temporal lobe in all patients by noninvasive and invasive diagnostic procedures as described elsewhere (42, 43) . In all patients, the removal of the mesial temporal lobe was clinically warranted in order to achieve seizure control. The following surgical procedures were used: anterior temporal lobectomy (12 cases) and selective amygdalohippocampectomy (8 cases). Informed consent was obtained from all patients for additional histopathological evaluation. All procedures were approved by the University of Bonn ethics committee and were in agreement with the standards set in the Declaration of Helsinki (last revised 1989).
Neuropathological Evaluation
Neuropathological studies were carried out in immersionfixed (4% buffered formalin) and paraffin embedded biopsy specimens. All samples were independently examined by 2 neuropathologists and classified according to the following pathological nomenclature: AHS (n ϭ 14), focal lesions (n ϭ 4), or no pathology (n ϭ 1). In 1 patient, the hippocampus could not be examined for the presence of specific histopathology. AHS was characterized by extensive hippocampal cell loss and concomitant astrogliosis in the CA1, CA3, and CA4 subfields with relative sparing of CA2 and the granule cell layer of the DG (coronal sections at the level of the lateral geniculate body). In non-AHS patients, focal lesions (astrocytoma or old necrosis) were found in the subcortical white matter or temporo-mesial neocortex but did not involve the hippocampus proper. In all patients, hematoxylin and eosin stains, Nissl stains, pigment Nissl stains, combined hematoxylin-eosin-luxol-fast blue stains, and immunohistochemical reactions for glial fibrillary acidic protein were available.
Analysis of neuropathological alterations within the amygdala and entorhinal region included the assessment for neuronal cell loss, astrogliosis, and glial satellitosis. These changes were considered as the pathomorphological correlate of epilepsy-associated brain damage (5) . The extent of such alterations was semiquantitatively estimated using a rating scale from 1 to 4. The highest degree of neuropathological changes (rating scale 4) included neuronal cell loss indicated by extracellular lipofuscin pigment accumulation and GFAP-immunoreactive fibrillary astrogliosis (5) . The latter is characterized by dense accumulation of GFAP-immunoreactive processes (Fig. 3D) . A significant extent of pathology (rating scale 3) was characterized by moderate neuronal loss (diffusely or patchy distributed extracellular lipofuscin granula) and/ or cellular GFAP-immunoreactive astrogliosis. The term cellular astrogliosis describes a pronounced immunoreactivity of glial cell bodies and their delicate processes (Fig. 3C) . Slight GFAP-immunoreactive astrogliosis without significant neuronal cell loss was classified as low degree of pathology (rating scale 2). Tissue samples without obvious histopathological alterations were classified as rating scale 1. Presence of satellitosis with perineuronal aggregation of oligodendroglia-like cells was separately evaluated (Fig. 3H) .
Cytoarchitectonical Analysis
All surgical specimens were anatomically reconstructed using camera lucida drawing (Fig. 2) . The anatomical subdivisions of the amygdala and entorhinal region were classified according to the distribution of heavily, moderately or slightly pigmented neurons (28, 29) . Patterns of myeloarchitecture (HE-LFB), extracellular pigment accumulation and GFAP-immunoreactive astrogliosis were documented using camera lucida with a magnification of ϫ31.25. The overlay of the schematic drawings allowed a reliable documentation of histopathological changes within defined anatomical regions (Fig. 2 ). In addition, the orientation of the surgical specimen was aligned with autopsy brains (immersion-fixed in 4% formalin; n ϭ 4) transected in 3 planes, i.e. coronal, sagittal, and horizontal.
Staining Procedures
The staining protocols were as follows: (i) Hematoxylin and eosin stains were performed on 6-m paraffin sections obtained from surgical specimens. (ii) Hematoxylin-eosin-luxol-fast-blue stains (HE-LFB) and (iii) conventional Nissl staining were used for all preparations (biopsy and autopsy) in order to characterize patterns of cell loss, satellitosis and myeloarchitecture. (iv) Astrogliosis was detected by immunohistochemistry using a polyclonal anti-GFAP antiserum (1 : 400, DAKO, Glostrup, Denmark), a secondary biotinylated goat anti-rabbit immunoglobulin and the avidin-biotin-peroxidase complex method with diaminobenzidine as chromogen. Sections were counterstained with hematoxylin. (v) The pigment-Nissl staining (33) was slightly modified for staining of 14-m-thin paraffin sections. Briefly, sections were oxidized with diluted performic acid (3:10), stained with aldehyde fuchsin for demonstration of intra-and extracellular lipofuscin granules, and counterstained with Darrow red for Nissl material.
Clinico-Pathological Correlations
Clinical parameters including seizure type (CPS vs sGTCS), age of seizure onset, duration of seizures, and age at the time of surgery were retrieved from the files of the Departments of Epileptology and Neurosurgery, University of Bonn Medical Center. In 17 patients, a postsurgical follow up was available for time periods longer than 6 months ( Table 1 ). The outcome was classified according to Engel (44) . Correlations between pathological changes in the amygdala/entorhinal region and clinical parameters were calculated using statistical analysis of variance (ANOVA) and post-hoc Duncan's test for multiple group comparison with a significance level at p Ͻ 0.05. A chisquare test was performed to analyze the association between severity of epileptic seizures (CPS vs sGTCS) and the extent of pathological damage (grade 1-3 vs grade 4).
RESULTS
Anatomical Reconstruction of Surgical TLE Specimens
A major obstacle in the analysis of surgical specimens obtained from the human amygdala complex and entorhinal region is the lack of a well-defined anatomical orientation. We have studied the relationship between amygdala subnuclei and structures of the entorhinal region using anatomical landmarks, i.e. the ependymal layer of the lateral ventricle, organization of myelinated fiber bundles or neighboring brain structures in coronal, sagittal, or horizontal planes of sections obtained from autopsy brains (Fig. 1 ) and compared them with our surgical specimens. In most cases surgical specimens were not properly oriented along conventional planes, i.e. despite an almost coronal section, dorsal areas appear to be located more posteriorly than ventral regions (Fig. 2D) . The border of amygdala nuclei was usually demarcated by myelinated fiber bundles and this feature was most helpful for the identification of sectioning planes, i.e. fiber bundles between the basal nucleus and cortical amygdala crossed in a ventrolateral to dorsomedial direction only in horizontal sections (Fig. 2C) .
Cellular delineation of different subregions or sublayers of the amygdala and entorhinal region was achieved using Nissl and Pigment-Nissl stains. Most subregions showed considerable differences in neuronal lipofuscin content. In particular, small neurons of the paralaminar or so-called granular nucleus (25, 28) were almost devoid of lipofuscin pigment and were typically organized in clusters. This characteristic appearance is reminiscent of previously described glioneuronal hamartias in TLE patients (45) . However, these cell clusters occur in normal brain and contribute to the complex anatomical organization of the ventral amygdala. Amygdala neurons from the lateral nucleus showed slight to moderate accumulation of small lipofuscin granules (Fig. 3F) . Magnocellular neurons of the basal nucleus were characterized by aggregates of large pigment granules located in 1 area of the cell body (Fig. 3E ). Non-pigmented or pigment-laden interneurons were also observed. In the entorhinal region, layers pre-alpha (layer II), pri-alpha (layer V) and prigamma (deep layer VI) were characterized by heavily pigmented neurons. In addition, the distance between neuronal islands in the superficial cellular layers and the wideness of the lamina dissecans were helpful for identification of subdivisions of the entorhinal region (34) .
Neuropathological Findings in Amygdala Nuclei
In most cases, the nuclei of the amygdala complex that were available for histopathological examination were more severely affected compared to the entorhinal region (Table  2) . Epilepsy-associated histopathological changes such as neuronal loss (Fig. 3A) and gliosis ( This surgical specimen appears to be cut in a horizontally shifted coronal plane (patient #3). Fibrillary astrogliosis can be observed in the superficial pre-alpha and pre-beta (layer II and superficial layer III) as well as deep pri-alpha (layer V) layers of the lateral entorhinal region. The lateral nucleus of the amygdala is also severely affected in this specimen. B: Sagittal section through the amygdala, entorhinal region, and hippocampal formation (patient #6). There is severe involvement of the lateral and basal nuclei. Although the posterior parahippocampal gyrus is effected, the entorhinal region remains intact. The CA1 segment and hilus of the Ammons horn exhibit severe neuronal cell loss and astrogliosis. C: The amygdala and entorhinal region are cut in an approximately horizontal direction, as the basal nucleus is oriented in a ventrolateral-dorsomedial plane (patient #8). Presence of magnocellular neurons of the basal nucleus indicates that posterior portions of the section are located more dorsally than the anterior portions. The basal nucleus of the amygdala and deep entorhinal layers are severely affected in this case. D: Approximately coronal section of the posterior portion of the amygdala (patient #2), as the lateral ventricle, subiculum and striatum are visible. Both the lateral and basal nuclei of the amygdala reveal pathologic alterations. Abbreviations: ant, anterior; ba, basal nucleus of the amygdala; CA1-4, hippocampal segments CA1-CA4; co, cortical nucleus or periamygdala cortex of the amygdala; dors, dorsal; en, entorhinal region; gcl, granule cell layer of dentate gyrus; gr, granular/paralaminar nucleus of the amygdala; hilus, hilus of hippocampus; la, lateral nucleus of the amygdala; lat, lateral; lat. ventr, lateral ventricle; med, medial; mg, magnocellular; parahipp, parahippocampal; post, posterior; pv, parvocellular; str, striatum; sub, subibulum; un, uncus; vent, ventral. Borders of white matter and myelinated fibers are indicated by broken nuclear borders, and the ependymal layer by thick lines. The magnification is ؋5.5.
lesional pattern with respect to involvement of the amygdala, entorhinal region, and hippocampus. In addition, perineuronal satellitosis (Fig. 3H) was noted in all patients included in this study, although extent and distribution within amygdala nuclei and the entorhinal region showed some variability. The majority of surgical samples obtained from TLE patients contained only nuclei of the basolateral complex corresponding to the surgical resection procedure of the amygdala complex which preserves cortical, medial, and central nuclei of the amygdala (46) . Ventral portions and periventricular regions of the basolateral complex were frequently represented in surgical specimens, whereas dorsally located magnocellular areas were less accessible. Two patients showed only minor pathological alterations in the amygdala (Tables 1 and 2 , patients # 16 and 17). Both patients also displayed minute changes in the entorhinal region, whereas the hippocampus was sclerotic in one but not affected in the other case. In the majority of patients, neuronal loss, satellitosis, and astrogliosis were encountered within the basolateral complex. Although most specimens exhibited different patterns of specific nuclei, the lateral nucleus appeared to be more often affected than the basal or granular nucleus. Furthermore, the ventromedial part of the lateral nucleus was usually more severely altered. However, involvement of periventricular regions or of dorsal magnocellular areas was also observed (Fig. 2B, D) . Severe pathology of both lateral and basal nuclei occurred in 2 patients and was designated as amygdala sclerosis (Table 2 , patients # 8 and 10). However, neuronal loss was usually confined to only a subfield of the respective nucleus and often extended into neighboring regions (Fig. 2) . In addition, the granular nucleus was frequently affected in patients with histopathological changes of the basolateral complex. There was no consistent correlation between the lesional pattern within the amygdala and neuropathological changes of the hippocampus, but amygdala alterations tended to be more pronounced in the presence of Ammons horn sclerosis ( Table 2) .
Neuropathology of the Entorhinal Region
In the entorhinal region, severe alterations were observed both within the superficial and deep cellular layers (Table 2 ; Fig. 3A, B) , whereas only 2 patients showed no significant structural changes (the same patients exhibited only minor involvement of the amygdala). Compared with sclerosis of Ammons horn or the amygdala, cell loss in the entorhinal region was usually moderate and patchy. Despite the presence of many extracellular lipofuscin granules in some cases, sclerosis of an entire entorhinal layer was not encountered. The analysis of extracellular lipofuscin granules, and of fibrillary and cellular gliosis revealed no specific lesion patterns ( Table 2 ). The pre-alpha layer of the entorhinal region was often affected either with severe cell loss or extension of the characteristic cell-free areas. In some examples, both the pre-alpha (layer II) and pri-alpha (layer V) layers were compromised ( Fig. 2A) . Cell loss and gliosis preferentially involving the pre-gamma layer (deep layer III) was observed (Fig. 3A, B) , but was less frequently encountered than suggested by Du et al (18) . Satellitosis was usually accompanied by slight reactive gliosis and appeared more pronounced in deep entorhinal layers. In some cases, fibrillary gliosis in deep entorhinal layers could hardly be distinguished from the enhanced GFAP immunoreactivity in the white matter (Fig. 3B) . In 1 patient, cell loss and fibrillary gliosis were found in layer II and deep cellular layers of the very anterior portion, corresponding to the olfactory part of the entorhinal region (34) . Neuronal loss and fibrillary gliosis within the entorhinal region occurred also in the absence of AHS.
Clinico-Pathological Correlations and Statistical Analysis
Multiple comparisons were performed between the degree of histopathological changes (grade 1 to 4) and/or clinical parameters, i.e. onset, duration, frequency or type of epileptic seizures, and postoperative outcome. In our series, TLE patients with sGTCS displayed 19 subregions with grade 4 pathology and 32 subregions with grade 1-3 pathology ( Table 2 ). The number of severely damaged subfields was significantly increased compared to patients experiencing only CPS (8 regions with grade 4 and 43 subregions with grade 1-3 pathology, respectively; p Ͻ 0.01, chi-square test). Due to the small number of subregions available for all 20 patients included in this study (all major subareas of the amygdala and entorhinal region could be analyzed in only 7 patients, Table 2 ), other clinico-pathological correlations reached no statistical significance.
DISCUSSION
A detailed anatomical and neuropathological characterization of individual subnuclei and sublayers revealed a frequent involvement of the amygdala and entorhinal region in patients with chronic intractable temporal lobe epilepsies. Major histopathological findings can be sum- often extended beyond anatomical boundaries of specific amygdala nuclei and usually affected all subnuclei of the basolateral complex; (ii) histopathological alterations involved both superficial and deep layers of the entorhinal region; (iii) compared to the entorhinal region, the amygdala was usually more severely affected, particularly the lateral nucleus; (iv) severe pathology of the amygdala and/or entorhinal region was not associated with Ammon's horn sclerosis in all cases; (v) patients suffering from secondary generalized seizures (sGTCS) had significantly pronounced neuropathological damage (grade 4, chi-square test, p Ͻ 0.01) within amygdala nuclei and entorhinal subregions. If we consider neuronal cell loss and gliosis as a morphological substrate of chronic seizure activity, these findings would be compatible with differential spreading pathways of epileptic bursts within mesial temporal lobe structures of individual TLE patients.
Neuropathology of Amygdala Nuclei
Although numerous studies reported neuronal cell loss and gliosis in the amygdala of patients suffering from temporal lobe epilepsy (7, 8, 10-12, 14, 47-53) , only little attention has been paid to the lesional pattern within different anatomical structures (4) (5) (6) . In experimental models such as kindling epilepsy, amygdala nuclei are not equally prone to epileptogenesis. The most sensitive areas appear to be the amygdala-piriform cortex and central nucleus of the amygdala (which are usually not available in surgical specimens), followed by the lateral and basal nuclei of the basolateral complex (6, 54) . In the kainate model of limbic seizures, however, the basal nucleus may exhibit early bursting activity as well (6) . In our series, both the lateral and basal nuclei of the amygdala exhibited severe histopathologic alterations. In addition, the ventromedial part of the lateral nucleus was severely compromised in many patients. However, histological damage was not necessarily restricted to these subdivisions but often extended beyond the anatomical borders. The granular (paralaminar) nucleus was also affected in agreement with earlier observations of pathologic alterations in basal portions of the amygdala (47) .
Published reports on amygdala pathology revealed striking variability (approx. 35%-76% of TLE patients, Table 3 ). In our study, 55% of all patients displayed prominent neuronal cell loss and fibrillary gliosis in at least 1 subnucleus of the amygdala. Severe cell loss was clearly identified within both the basal and lateral nucleus in at least 2 patients. This pattern may correspond to the designation of amygdala sclerosis (4). Yet, diffuse loss of moderately and heavily pigmented neurons was present in almost all cases, as indicated by extracellular lipofuscin granules. This cell population represents mainly spiny, excitatory pyramidal neurons (28) . Loss of these neurons and also of distinct interneuronal subpopulations may affect amygdala excitability and induce astrogliosis. Subsequently, structural reorganization of the altered regions may strengthen disinhibitory mechanism (55) (56) (57) (58) . Based on the neuropathological examination of available surgical tissue specimens, the lateral nucleus appears to be a major target of epilepsy-associated histopathology. Spreading of pathological alterations into basal subnuclei may be compatible with the functional organization of amygdala projection pathways from lateral towards medial regions (25, 26, 58) .
In the ventral area of the amygdala complex, clusters of small neurons admixed with oligodendrocyte-like cells were frequently observed in both surgical and autopsy tissue specimens. This structure has previously been described as paralaminar or granular nucleus (25, 28) . However, other studies have characterized these foci as TLE associated focal pathology, i.e. glioneuronal hamartias (45) . Interestingly, these neuronal cell clusters demonstrate immunoreactivity for the embryonic form of the neural cell adhesion molecule PSA-NCAM (45), as well as for the anti-apoptotic protein bcl-2 (59). We have to assume, therefore, that these cell clusters represent a normal cytoarchitectural component of the ventral amygdala with a remarkably immature phenotype. Further studies may help to elucidate whether mesial TLE contributes to anatomical abnormalities of this structure.
Pathology of the Entorhinal Region
Astrogliosis and neuronal cell loss occurred in all layers of the entorhinal region but the lesional pattern showed considerable interindividual variability. These findings partially differ from previous data, which showed predominant neuronal loss in layer III (layers pre-beta to gamma) and partial cell loss of layer II in the anterior portion of the medial entorhinal region in temporal lobe epilepsy (18) . However, only 4 patients were investigated in a previous study, and neuronal loss was also reported in the deeper entorhinal layers in a status epilepticus model in rats (60) . In addition, excitatory neurons located in layer III of the entorhinal region appear to be preserved in some epilepsy models (61) . Therefore, Abbreviations: ID, identification number; GNH, glioneuronal hamartia/hamartoma; AHS, Ammon's horn sclerosis; A, astrocytoma (WHO grade I); F, female; M, male; CPS, complex partial seizures; FS, febrile seizure; sGTCS, secondary generalized tonic clonic seizures, SPS, simple partial seizures. Outcome-postsurgical seizure freedom (at 6 months or later): 1 ϭ no more seizures, 2 ϭ more than 75% reduction, 3 ϭ more than 25% reduction, 4 ϭ no changes or deterioration. Duration and onset of epileptic seizures is given in years; frequency of complex partial seizures refers to number of events per month. 
Abbreviations: n.d., not determined; ϩ, sclerosis was mentioned in this area or brain region including this area, but percentage was not given; *, not all patients had TLE, **, patients selected for the presence or absence of Ammon's horn sclerosis, quantitative assessment of neuronal cell loss; ***, 2 subnuclei or layers displayed severe pathology (rating scale 4).
interindividual variability in the lesional pattern of the entorhinal region found in this study may well reflect different pathogenic events, i.e. early onset, febrile seizures, or dual pathology.
The superficial layers of the entorhinal region (prealpha and pre-beta) receive afferent input from the sensory association cortex and from the amygdala. They project to the dentate gyrus, hippocampus, and subiculum via the perforant path. The deeper layers receive feedback projections from the subiculum and amygdala, and relay the information back to the temporal association cortex (40, 41, 58) . Recently, a novel projection emerging from deep layers V and VI of the entorhinal region onto dentate granule cells and GABAergic interneurons has been discovered in rats (62) . Degeneration of such excitatory projections from the entorhinal region may induce severe structural reorganization in the hippocampus of TLE patients. In rat models, entorhinal lesions induce aberrant mossy fiber sprouting (63) and persistent transneuronal changes on GABAergic parvalbumin-immunoreactive basket cells in the dentate hilus (64) . Entorhinal cell loss observed in the present study may thus contribute to different patterns of cellular and regional pathology in the hippocampus of TLE patients (65) (66) (67) (68) (69) (70) .
Anatomical Relationship Between Amygdala, Entorhinal
Region and Hippocampus in TLE Intracerebral recordings from TLE patients indicate seizure onset in the entorhinal region (71) (72) (73) , hippocampal formation (42, 43, (71) (72) (73) (74) (75) , and amygdala (71, 74, 75) . These studies also confirm, that 2 or more mesiotemporal regions may be involved in seizure onset and propagation. Because spreading pathways of epileptiform activity highly depend on anatomical projections, each focus may induce different routes of seizure propagation. The interindividual variability of lesional patterns in the hippocampus, amygdala, and entorhinal region may thus indicate different pathways of seizure propagation and generalization. In addition, anatomical connections between the entorhinal region, hippocampal formation, or amygdala may represent an important structural basis for internal seizure propagation within the mesiotemporal lobe before spreading occurs towards other brain regions.
Unfortunately, few reports present a detailed histopathological analysis of mesial temporal lobe structures in TLE patients, i.e. amygdala sclerosis and AHS (Table 3) . Whereas some authors propose an association between amygdala sclerosis and AHS (6, 8, 21) , others demonstrate amygdala sclerosis in the absence of AHS (4, 53) . In addition, the uncal portion of the hippocampal formation appears to be crucially involved in epileptogenesis although histopathological studies are extremely rare (Table 3 ). The impact of pathological alterations in different mesiotemporal structures is, therefore, difficult to assess. Yet, severe damage (corresponding to histopathology grade 4) appears to occur significantly more often in patients with secondary generalized seizures (sGTCS). Furthermore, experimental studies on amygdala kindling point towards transneuronal changes in the entorhinal region and hippocampal formation (76) (77) (78) (79) (80) . Based on established anatomical connections, epileptiform activity in the lateral and accessory basal nuclei of the amygdala is more likely to induce transneuronal alterations in the superficial cellular layers of the entorhinal region, whereas activity in the basal and accessory basal nuclei could directly contribute to transneuronal changes in the subiculum (23, 25, 40, 58) . Starting in the entorhinal region, different propagation patterns may result from activation of layer II neurons projecting to the dentate gyrus, layer III neurons projecting to the CA1 region and subiculum, and deeper cellular layers projecting to the dentate gyrus and hilus of the hippocampus (60) . Nevertheless, histopathological analysis of surgical specimens is limited to selected anatomical structures and cannot exclude that more severely affected portions of the amygdala, entorhinal region, or hippocampal formation have escaped pathological examination.
In conclusion, significant neuropathological alterations can be found in the amygdala as well as in the entorhinal region of patients with TLE. As indicated by electroencephalographic recordings, our data support a pivotal role of both amygdala and entorhinal cortex in the pathogenesis of chronic intractable TLE. Furthermore, the variability of lesion patterns may be compatible with different spreading pathways of epileptiform activity within the limbic system.
